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Abstract
Current trends in satellite design are focused on developing small, reliable, and inexpensive spacecraft.
To that end, a modular power management and distribution system (PMAD) is proposed which will help transition the aerospace industry towards an assembly line approach to building spacecraft.
The modular system is based on an innovative DC voltage boost converter called the Series Connected Boost Regulator (SCBR). The SCBR uses existing DC-DC converters and adds a unique series connection.
This simple modification provides the SCBR topology with many advantages over existing boost converters.
Efficiencies of 94-98%, power densities above 1,000We/kg, and inherent fault tolerance are just a few of the characteristics presented. Limitations of the SCBR technology are presented, and it is shown that the SCBR makes an ideal photovoltaic array regulator. A modular design based on the series connected
Introduction
In the past few years the spacecraft industry has shifted their sights away from large, expensive, decade-long projects towards small and inexpensive satellites.
Low cost spacecraft that can be developed in 2-3 years are being considered the wave of the future in space science and new global communication systems.
These new systems will provide global communications through constellations of 66 to 840 small, inexpensive satellites.
It is clear that the satellite industry must transition from building custom satellites towards an "assembly line" approach.
A small, lightweight, efficient PMAD system is a key component.
By without the high cost of a custom design. In the circuit shown in Figure 2b , a typical DC-DC converter with an efficiency of 85% is being used in the SCBR configuration.
The efficiency of the SCBR can be calculated from the circuit parameters as:
A general-purpose equation for the efficiency of a series connected boost unit can be derived from the SCBR circuit shown in Figure  2b . The simplified equation
for the efficiency of the SCBR is (Button 1996) :
The equation of (1) has a few limitations. First, the boost voltage cannot equal zero and must be greater than the rectifier diode "on" voltage in the output of the DC-DC converter. This is to account for the diode conduction losses when the SCBR is "off". 
High Power Density
The amount of power controlled by the SCBR can be 2-5 times the power rating of the DC-DC converter, greatly increasing its power density. This is because only a portion of the power is being processed by the DC-DC converter.
The power processing gained depends on the output voltage desired (Vout) and the maximum output current of the DC-DC converter (Iout).
Since the output current is a function of the maximum boost voltage and the DC-DC converter power rating, the power rating of the SCBR can be expressed as a function of Vo,t, V_o,t, and Pdc-
As shown in (3), the power rating of the SCBR can be maximized by minimizing the DC-DC converter boost voltage.
Using Figure 2b as an example, an 80 Watt, 8 Vdc converter controlling a 28 Vdc bus results in a power processing capability of 280 Watts --a 250% increase in power density.
Larger gains are possible when considering higher bus voltages. In a recent program, a nominal 120 Vdc bus was regulated using a lkWe, 28 Vdc converter. The resulting SCBR was able to process 4.25 kWe, an increase of 325% (Button and Baez 1995).
Inherent

Fault Tolerance
In many spacecraft power systems, a failure of the power processing hardware can result in complete loss of power and loss of mission. Raw input power will be available at the SCBR output allowing emergency operation of the satellite.
This feature increases the spacecraft's fault tolerance abilities.
Positive Ground Configuration
The SCBR technology also allows the spacecraft designer the option of implementing a positive ground power system. A positive ground power system can be very effective in reducing the buildup of damaging plasma on high voltage solar arrays (Hickman 1995). The positive ground topology is shown in Figure 3 .
Instead of connecting
Out-to In+ as is shown in Figure  2b , the positive ground topology connects Out+ to In-. This allows the power supply's high side to be common with the load's high side allowing
the positive ground connection. The positive ground topology has been demonstrated in a test bed development program at NASA Lewis.
A 1 kW_ DC-DC converter was modified for use in a 4.5 kWe positive ground power system for a Solar Electric Propulsion spacecraft (Button and Baez 1995).
Commercial
DC-DC Converters
The SCBR technology uses isolated DC-DC stepdown converters to control the amount of boost added to an input voltage. These DC-DC converters are readily available from several manufacturers in various quality levels (industrial, military, and flight qualified).
Although they are not optimized for efficiency, it was shown earlier that the efficiency of the DC-DC converter is only a small factor in the SCBR efficiency.
Using the SCBR technology, a very high efficiency converter can be built using inexpensive commercial DC-DC converters.
SCBR Limitations
The SCBR benefits of efficiency and power density come at a price.
There are three limitations that a power system must meet to take full advantage of the SCBR topology:
1) The SCBR requires that the_output voltage be greater than or equal to the input voltage at all times, 2) Galvanic isolation must not be required between input and output circuits, and
3) The input voltage source has a limited voltage range requiring only a small percentage (<50%) of voltage boost.
Many spacecraft power systems already meet these criteria.
Photovoltaic power systems are an excellent example.
A photovoltaic array can be easily sized during construction such that its output voltage is below the bus voltage at all times. Galvanic isolation between the array and power bus is not a requirement in most systems. In addition, the solar array I-V curve is such that all power points can be reached over a small voltage range (between Vmp and V_), requiring only a small boost ratio (Figure 4) . Even with these limitations, it is obvious that the SCBR technology is enabling a new class of small, low cost, high efficiency power electronics to meet the special needs of small spacecrafts in increasing payload capacity.
To add even more value, a modular design based on the SCBR technology is presented.
A Modular PMAD System
The power management and distribution (PMAD) system on a typical satellite is expected to act as the "electric utility" providing regulated power to the spacecraft systems and scientific payloads. A block diagram of a proposed modular PMAD system based on the SCBR technology is shown in Figure 5 . This system is a dual-wing photovoltaic system with a battery-centric bus architecture. Besides the power generation and storage systems, the PMAD system consists of three major components.
Each component employs a number of modular techniques to meet the wide variety PMAD system requirements.
A discussion of these component design features follows.
The Power Input Unit
The Power Input Unit is used to bus all solar array sources necessary to power the PMAD channel(s). This unit will also be designed to support a multichannel PMAD architecture.
Included and input protection fuses. These components will also be sized for a wide range of voltage and current levels to support many DC-DC converters.
Finally, a paralleling function will be built into each SCBR slice. There will be two paralleling methods available.
An active paralleling loop will be used to balance SCBR power levels when regulating output voltage.
This circuitry incorporates a shared paralleling bus which will actively bias the SCBR voltage sense until a balanced current is achieved. This method can be used with several slices and can incorporated % current sharing. Another paralleling method can be used when the SCBR slice is used to regulate output current. In this case, power sharing is achieved by setting the output current setpoints of all SCBRs to desired power sharing levels, either through discrete analog circuits or through the optional DIU.
The Power Distribution Unit
The Power Distribution Unit (PDU) serves several purposes and contains: the main distribution bus, the battery charge management circuitry, the spacecraft single point ground, and the PMAD housekeeping power supplies.
The PDU must provide power to all spacecraft loads through a variety of fault protection components based on the needs of the spacecraft. These components can incorporate fuses, relays, and/or active switching devices. Use of modular fault protection switches and a family of fuse sizes will simplify the design of the power distribution unit.
The PDUconnects the batteryto the main bus through faultprotection fuses.These fuses areonly necessary in a multi-channel powersystem sincein a singlechannel system thereis no fault condition whichcouldbe recovered by blowingthe battery fuse.Batteryhealthmonitoring is provided through the PDU and includes:battery current,battery voltage,cell voltage,andcell temperature data. Specialized microprocessors will be incorporated into the PDU to determine the batterystateof charge, therebyoff-loading this functionfromthe mainspacecraft computer. As before, the sensors andpassive components will be sizedfor a wide rangeof busvoltagelevelsandthe telemetry and control functions will bediscrete analog signals with aDIU optionavailable.
Finally, all PMAD hardware requireselectrical powerto deliverelectricalpower--a seemingly "catch22" scenario.This "housekeeping" power supplyfunctionwill alsoresidein the PDUand consists of small, isolated DC-DCconverters. These wide voltagerangeconverters (18-72Vdc) will convert thebusvoltage into+5 Vdc and+ 15 Vdc.
By positioning the power supplies in the PDU, the PMAD system can be boot-strapped from either the charged battery or from raw solar array power.
Since the housekeeping power supplies perform a critical function, single fault tolerance will be incorporated by including on-line backup converters. This centralized power distribution will eliminate the need for dual (or even quad) power supplies in every modular component (SCBR slices and PIU).
Conclusions
It is clear that the spacecraft industry must incorporate modular systems to be competitive in the 21st century.
A modular PMAD system based on the SCBR technology has shown promise in meeting the needs of a wide variety of missions.
The SCBR has many advantages over other regulators. 
